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Introduction
The characteristic architecture of the human spleen begins to form at gestational week (GW) 15. At this time, the primitive structure of the red and white pulp can be discerned. In red pulp, venous sinuses develop from lacunae in the reticular network and come into contact with the main venous system. The development of the white pulp begins with the lymphoid colonization around GW 18 (Vellguth et al., 1985) . Germinal centers are seen only after birth (Owen and Jenkinson, 1980) . Human spleen possesses a rich extracellular fiber network composed of the reticular fibers of Billroth's cords and the ring fibers of venous sinuses. During the morphogenesis of the spleen, the fibers of Billroth's cords develop early, whereas the ring fibers are fully developed relatively late, only after GW 36. However, the initial signs of ring fiber formation can already be observed at GW 15 (Liakka et al., 1991) .
Basement membrane (BM) proteins laminin and Type IV collagen form important constituents of reticular fibers and ring fibers both tenascin and Vitroneccin but lacked fibronectin. The composition of the ring fibers is therefore dearly different from that of ordinary basement membranes, which have not been reported to contain tenascin or vitronectin. The rapidly increasing number of reticular fibers in the spleen at the age of 4 8 GW corresponds with the beginning of lymphatic colonization. Reticular fibers, rich in ECM glycoproteins, form a framework to which cells can migrate and attach. We suggest that the composition of these fibers might be im- in both fetal and adult splenic red pulp (Liakka et al., 1991; Apaja-Sarkkinen et al., 1986) . Of the fiber-forming collagens, Type I11 collagen is notably present only in the reticular fibers of fetal red pulp. The white pulp of fetuses of GW 15-17 does not contain Type I11 collagen. In older fetuses and in adults it is a constant component of the reticular fibers of the white pulp, together with laminin and type IV collagen (Liakka et al., 1991) .
Many of the extracellular matrix (ECM) proteins function as important mediators of cell growth, differentiation, and migration (Bourdon and Ruoslahti, 1989; Ruoslahti and Pierschbacher, 1987) . Therefore, they play an essential role in organogenesis during embryonal development. Among the earliest ECM molecules to be detected in a developing embryo are laminin (Leivo et al., 1980) , fibronectin (Wartiovaara et al., 1979) and tenascin (Chiquet-Ehrismann et al., 1986) . Fibronectin exists in two forms, as plasma and as tissue fibronectin (Ruoslahti, 1988) . Both laminin and fibronectin are glycoproteins with adhesive properties, and they have an important role in attachment of cells to the substrate (Ruoslahti and Pierschbacher, 1987; Ekblom et al., 1986) . Characteristic of the distribution of fibronectin and tenascin is that they are abundant in the ECM of developing organs but are absent or present only in low amounts in corresponding mature tissues (Inaguma et al., 1988; Chiquet-Ehrismann et 4.1 1986; Vatti09 1983) .
The glycoprotein tenascin is found in the mesenchyme around wu<A, AUTIO-HARMAINEN the budding epithelia of many developing organs, including fetal mammary glands, teeth, and hair follicles (Chiquet-Ehrismann et al., 1986 ), kidney (Aufderheide et al., 1987 , and gut (Aufderheide and Ekblom, 1988) . Tenascin has also been found in tissues undergoing osteogenesis and chondrogenesis (Thesleff et al., 1988) , in developing tendons and myotendinous junctions (Chiquet and Fambrough, 1984) , and in the stroma of malignant mammary tumors . Recently, tenascin has been found to be a constant component of the normal and pathological periepithelial mesenchyme of the breast. Hence, tenascin is probably not a transient ECM component restricted to development and transformation as was previously supposed (Howeedy et al., 1990) . Vitronectin is a multifunctional glycoprotein which is present in plasma and in ECM (Barnes and Silnutzer, 1983; Hayman et al., 1983) . It serves as an inhibitor of membrane attack complex C5b-9 of the complement pathway (Podack and Mueller-Eberhard, 1979) . Vitronectin has been found in close association with normal elastic tissue in skin and in sclerotic glomeruli of the kidney in adults (Dahlback et al., 1986 (Dahlback et al., ,1987 . It has been found to be present in the ECM of many tissues, including muscle and embryonic lung (Hayman et al., 1983) , vascular wall, capsular surface of viscera, muscularis of the gastrointestinal tract, pulmonary alveolar septae, liver portal tracts, splenic cords, perimysium, and perineurium (Simonton et al., 1985) .
In our previous immunohistochemical study we described the distribution of laminin and Types IV and 111 collagen in fetal, infant, and adult human spleens, and we showed that some compositional differences in the amount and distribution of those proteins occur in relation to the developmental stage (Liakka et al., 1991) . In this study we aimed to investigate the distribution of developmentally important glycoproteins tenwin and tissue fibronectin, as well as that of viuonectin in the same material, to c l a r~ their presence in spleen at different ages of fetal development and to compare their occurrence with the various stages of splenic morphogenesis.
Materials and Methods
The material comprised 13.spleens from eight fetuses (GW 16-24) obtained Table 1 . Investigated m a t e d from spontaneous or legal abortions, from one full-term infant who died of fibroelastosis of heart, and from four adults. The adult spleens were removed from patients with a malignant disease. The detailed description of the material is given in Table 1 . The age of the fetuses was calculated from the crown-rump, crown-heel, and foot lengths and from the last menstrual date of the mother. The indicated gestational weeks rder to the menstruational age. With the exception of a slight arteriosclerosis in adult spleens, the spleens were both macroscopically and microscopically normal.
Immunohistochemistry. Tissue samples were quick-frozen in liquid nitrogen and stored at -70'C. Five-pm thick frozen sections were cut and air-dried. For immunohistochemical staining by the avidin-biotin complex method, the sections were exposed to 3% methanol-hydrogen peroxide solution to inactive endogenous peroxidases. The sections were then incubated with the primary monoclonal antibody 11 (anti-cell fibronectin, anti-tenascin, anti-vitronectin), followed by the avidin-biotin complex method as described by Hsu et al. (1981) , using biotinylated rabbit antimouse immunoglobulin (Dakopatts; Glostrup, Denmark) as a secondary antibody and 3.3'-diaminobenzidine as the peroxidase substrate. The sections were counterstained with hematoxylin. For the indirect immunofluorescence technique, the air-dried sections were incubated with the primary antibody followed by the fluorescein isothiocyanate-conjugated rabbit antimouse immunoglobulin (Dakopatts). PBS was used as control instead of the primary antibody.
All of the primary antibodies used in this study were kind gifts of Prof. Ism0 Virtanen (Department of Anatomy, University of Helsinki). The monoclonal antibodies (MAb) 52DH1 against cell fibronectin (Vartio et al., 1987) , 100EB2 against tenascin (Howeedy et al., 1990) . and 128BE10 awnst vitronectin (Piiiillysaho et al., in press) have been characterized earlier.
An Olympus microscope, model BHT, together with a fluorescence illuminator, was used for photography ofthc immunofluorescence stainings. The microscope was equipped with a mercury lamp (HBO 100 W), with a dichroic mirror B (DM-500) with a barrier filter built in (0-5151, and an excitation filter (EY 455) for fluorescein isothiocyanate fluorescence.
Structures Analyzed and the Semiquantitative Scale Used to Evaluate the Staining Reactions. In the red pulp, the following structures were examined Billroth's cords and venous sinuses, with special consideration given to the ring fibers. In the white pulp, we examined separately the periarterial lymphatic sheath (PAIS), lymphoid nodules, and the marginal zone between the white and red pulp, using the definition of Bishop and Lansing (1982) . We also studied germinal centers with the surrounding corona case Age
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Foot lengths (an) Weight ( ,' '* .' -. .. Figure 1 . (A) lmmunoperoxidase staining for tenascin in the spleen of a fetus aged GW 16. Loosely arranged cells (arrows) in an immature trabecula (between the arrowheads) show a strong staining for tenascin. whereas endothelial cells (small arrows) of the blood vessels are negative. (B) There is no staining for tenascin in the wall of a trabecular artery (arrowhead) in the spleen of a fetus aged GW 40, whereas the vein (small arrow) and the fiber meshwork marginating the trabecula (large arrows) are intensively stained. (C) In the spleen of a in adult spleens. The distribution of fibronectin, tenascin. and vitronectin was also examined in blood vessels, the capsule, and trabeculae. The amount ofstaining reaction observed after the immunohistochemical procedures was evaluated on a semiquantitative scale as follows: + (slight) when there were only a few positively stained fibers or cells; + + (moderate) when there were moderate numbers of positively stained fibers or cells;
and + + + (strong) when there were large numbers of positively stained fibers or cells. Neglible staining reaction was marked as -. In cases when a structure under study was not yet developed, the absence of the structure was indicated as "absent."
Results
General Findings
The spleens of young fetuses (GW 16-19) showed a spongy structure and were composed predominantly of stellate reticular cells. Primitive white pulp around the central arteries could be distinguished from the sinusoidal meshwork of the red pulp ( Figure 3 ). With increasing fetal age, the number of lymphocytes in the white pulp increased. At the age of GW 40 the normal arrangement of the red and white pulp was established, and the structure in general corresponded to that of adult spleens (Figures 2 and 5 ) .
Immunohistochemical Findings
Capsule. The splenic capsule stained positively for fibronectin and tenascin at all developmental stages. These proteins were also seen in the capsules of infant and adult spleens. On the other hand, vitronectin was seen only in the capsule of adult spleens.
Trabeculae. In a fetus of GW 16 the trabeculae were composed of a loose network of stellate cells which stained strongly for tenascin ( Figure 1A) and, less intensely, for fibronectin. The staining for vitronectin was negative. In the spleens of older fetuses and infants, the findings were different in that the trabecular fibrotic stroma remained negative for tenascin and vitronectin, containing only occasional positive fibers for fibronectin. On the other hand, there was a strong staining reaction for tenascin which was accentuated in the reticular meshwork marginating the trabeculae (Figure 1B) . The margins stained less intensely for fibronectin ( Figure   IC) and not at all for vitronectin. Fibrotic splenic trabeculae of the adult spleen showed a strong and similar staining pattern for tenascin and vitronectin ( Figure 2 ) and a weaker staining for fibronectin.
Blood Vessels. Blood vessels stained variably for tenascin. At GW 16. the central arteries were negative for tenascin. However, there was a rather strong staining in the reticular cells immediately surrounding the arteries (Figure 3) . In older age groups this staining reaction was clearly associated with the spindle-shaped cells in the outer part of the central artery wall (Figure 4) . The staining seemed to be closely associated with the cell surfaces and was not intracytoplasmic. In adult spleens, the large, somewhat sclerotic central arteries within mature white pulp areas were always nega-fetus aged GW 40 the walls of a trabecular artery (arrowhead) and vein (small arrow), as well as the trabecular margins (large arrow), stain clearly positively for fibronectin. Bars: A = 20 pm; B,C = 40 pm. tive for tenascin. However, there was a strong staining reaction in the connective tissue around the artery (Figure 5) . The large trabecular arteries did not contain tenascin in their walls ( Figure IB) , whereas the walls of trabecular veins were clearly positively stained.
At all ages, fibronectin was seen to surround the cells in the central artery wall. The staining reaction for fibronectin appeared stronger than that for tenascin. It was also seen to be abundantly present in the internal elastic lamina of the arteries throughout all stages of development ( Figure IC ). There was no fibronectin positivity in the subendothelial basement membrane of blood vessels. Fetal splenic blood vessels did not stain for vitronectin, though all types of blood vessels in adult spleens showed strong staining (Figure 2 ).
AnaL'ysis of the Red Pulp
The staining reactions in Billroth's cords and ring fibers of the red pulp are presented in Table 2. Billroth's Cords. In fetuses of GW 16-18, the red pulp exhibited a spongy structure, with fairly large venous sinuses and Billroth's cords composed of a meshwork of stellate reticular cells. There was strong staining for tenascin and fibronectin but no staining at all for vitronectin. Tenascin and fibronectin staining was mainly as- sociated with the long dendritic processes of reticular cells (Figure  4) . Only a few short, definitely extracellular fibers were seen. From GW 19 onwards to adults, small fibers divided the Billroth's cords into small compartments and a typical honeycomb arrangement was formed (Figures G and 7) . These fibers contained tenascin and fibronectin at all stages of development. Vitronectin was seen in them only in the adult spleens.
Ring Fibers. In a fetus of GW 16 the sinuses were surrounded by a continuous endothelial lining. The sinusoidal wall contained material that stained positively both for tenascin and fibronectin. From the age of GW 18 onwards, small granules and thickenings under the endothelium could be seen. In fetal and infant spleens these dots stained clearly for tenascin and more weakly for fibronectin.
Vitronectin was not present in the ring fibers of the fetal and infant spleens. In adult spleens, the ring fibers stained strongly for both tenascin and vitronectin (Figures 7 and 8 
AnaZysis of the White Palp
Staining reactions in the white pulp are presented in Table ? .
compxed of reticular cells surrounding a central artery. There was rathtr strocg immunoreactivity for tenascin and fibronectin in these cells (Figure 3) . The staining reaction seemed to be intracy top1csm:c.
The developing periarterial lymphatic sheath (PALS) of fetuses from GW 19-40 contained small fibers which divided the Iym-
The immature white pulp of fetuses at GW 16-18 phatic sheath into small compartments. These fibers showed a strong staining reaction for tenascin ( Figure 6 ) and a weaker reaction for fibronectin. The fetal white pulp showed no staining for vitronectin. PALS in adult spleens showed sparse thick fibers that stained positively for tenascin ( Figure 9 ) and vitronectin. These fibers also stained more weakly for fibronectin.
The marginal zone of the white pulp in infant and adult spleens exhibited fibers positive for tenascin ( Figure 5 ) and fibronectin. Vitronectin was present only in the marginal zone of adult spleen (Figure 2) . where the staining was very intense.
Germinal centers first became visible about 2 weeks after birth; hence, these structures were not seen in fetal or infant spleens. In adult spleens the small capillaries situated within the germinal centers stained positively for tenascin, fibronectin, and vitronectin ( Figure 5) .
The corona between the germinal center and the marginal zone contained tiny fragmented fibers which were positive for tenascin, fibronectin, and vitronectin.
Discussion
In this investigation we used immunohistochemical techniques to study the distribution of three well-characterized ECM proteins, tenascin. fibronectin, and vitronectin in different anatomic structures of developing and adult human spleens. Only a few previous reports have dealt with the composition of ECM in adult spleens (Apaja-Sarkkinen et al.. 1986; Drenckhahn and Wagner, 1986; Macarak et al., 1986; dArdenne et al., 1983) . We recently published a detailed description of the distribution of Types 111 and IV collagen and laminin in spleens of fetuses from GW 15 to adults (Liakka et al., 1991) . Similarly, in this study we analyzed the distribution of tenascin. fibronectin, and vitronectin and studied their possible role as "developmental" proteins during splenic maturation. 
Composition of the Reticular Fibers in Developing Red Pulp
Tenascin and fibronectin were found to be components of splenic ECM at all developmental ages and in adults. The findings with respect to vitronectin seem to emphasize its importance as a protein of mature, adult tissues, since it was present only in spleens of adults. We could not observe similar age-related qualitative differences as we had previously reported for Type 111 collagen, which is significantly present in the red pulp of fetal tissue but appears to be almost entirely absent from the red pulp of adults (Liakka et al., 1991) .
In fetal and adult spleens the distribution of tenascin and fibronectin in the extracellular fibers was quite similar to what we have previously reported for laminin and Type IV collagen (Liakka et al., 1991) . It can therefore be concluded that the reticular fibers of fetal spleen appear, quite early during development, to attain the same composition of proteins which is typical for adult spleen. Therefore, the splenic reticulum seems to mature long before the spleen begins to function as a phagocytosing and lymphatic organ.
Possible Role of the ECM Proteins in the Phagocytosing Function of the Spleen
The protein components of reticular fibers are suggested to serve as attachment sites for phagocytosing cells such as reticular cells. macrophages, and granulocytes. In fact, macrophages are known to possess receptors for laminin (Huard et al., 1986) and fibronectin (Brown et al., 1989; Brown and Goodwin, 1988) , and neutrophils have receptors that bind specifically laminin (Yoon et al., 1987) , fibronectin, and vitronectin (Nathan et al., 1989) along with a novel receptor possessing a broad ligand specificity (Gresham et al., 1989) . All of this speaks for a receptor-mediated interaction between cells and reticular fibers.
Ring Fibers: Specidized BMj of Venous Sinuses
Ring fibers, which are specifically arranged BMs of splenic sinuses, have been previously reported to contain laminin and Type IV collagen (Liakka et al., 1991; Apaja-Sarkkinen et al., 1986) . Thekcomplete structure develops relatively late, only after the GW 36 (Liakka et al., 1991) , although early signs of ring fiber formation are detectable as early as GW 15 in the form of granules and thickenings in the wall of venous sinuses. The results of this study show that tenaxin and viuonectin are present in ring fibers, whereas fibronectin is absent. With respect to fibronectin, our finding is conuadictory to that of dArdenne et al. (1983) who, using polyclonal antibodies, showed fibronectin to be a component of ring fibers. We used monoclonal antibodies which gave similar results whether the indirect immunofluorescent or the avidin-biotin method was used. The staining reactions in the capsule, trabeculae, and blood vessels served always as internal positive controls on the same sections.
Our findings conceming the presence of tenascin and vitronectin in ring fibers are interesting, since these glycoproteins have not been reported to be general components of true epithelial or endothelial BMs. Nor were we able to show that they are associated with BMs of splenic blood vessels. We know of only one previous report by Thesleff et al. (1987) in which tenascin was shown to be associated with BMs of developing tooth and oral epithelium of mouse. Ring fibers, which therefore clearly differ in composition from the usual BMs, are specialized not only in their morphological organization but also in their protein content.
Vitronectin: A Protein of Mature Human Spleen
Vitronectin is a glycoprotein with adhesive properties (Ruoslahti and Pierschbacher, 1987) . It appears to be abundant in reticular fibers and ring fibers of adult spleens, with an immunohistochemical distribution quite similar to that of laminin and Type IV collagen (Liakka et al., 1991; Apaja-Sarkkinen et al., 1986) . In addition, vitronectin has been reported in cutaneous elastic fibers only after the age of 6 years (Dahlback et al., 1989) . In fetuses, vitronectin has been reported to be found in blood (Dahlback et al., 1989) . In vitro vitronectin binds to the native forms of collagen Types I, 11,111, IV, V, and VI (Gebb et al., 1986) . Although it is not known which cells synthesize viuonectin in general, it can be assumed that the protein found in ECM of adult spleen is either synthesized there or that protein elsewhere synthesized is trapped by Type IV collagen present in splenic reticular fibers and ring fibers.
firmation of the Reticular Fiber Frameworh in White Pulp
The development of white pulp in fetal spleens can be easily followed from the age of GW 16-18 onwards. At first the stellate or fusiform cells around the immature central arteries contain intracytoplasmic tenascin and fibronectin, which later in development become more clearly extracytoplasmic in location. It is possible that these cells also synthesize the proteins, but in situ hybridization study is needed to confirm this assumption. Except for the absence of Type 111 collagen from the very immature white pulp (Liakka et al., 1991) and the lack of vitronectin in the fetal spleen, the composition of extracellular fibers rich in tenascin, fibronectin, Type IV collagen, and laminin is very similar to that of mature white pulp.
ECM and Lymphoid Colonization of White Pulp
The structure and composition of extracellular fibers of the white pulp may serve as important factors in guidance of lymphoid colonization after GW 18. Reticular fibers rich in collagen, laminin, fibronectin, and tenascin provide a good environment for lymphocytes to attach and migrate. Lymphocytes that recirculate through secondary lymphoid organs, such as lymph nodes and Peyer's patches of the intestine, are known to possess "homing receptors," which recognize their ligands in the high endothelium of postcapillary venules (HEVs) (Stoolman, 1989) . The circulation of the spleen differs from that of other secondary lymphatic organs in that there are no postcapillary venules with high endothelium (Yednock and Rosen, 1989) . It is possible that recirculating lymphocytes enter the white pulp through the small branches of the central artery that end in the marginal zone. Specific homing receptors in lymphocytes recirculating through the spleen have not been described.
This study has shown that tenaxin and fibronectin are constant structural proteins in the reticular fibers of the red and white pulp through the entire course of development. Reticular cells probably synthesize these proteins and use them as attachment sites. In the developing spleen, we were unable to identlfy any temporal change in the distribution oftenascin and fibronectin. Viuonecrin was present only in adult spleen. We suggest that in the spleen the increasing numbers of reticular fibers form the structural backbone for cells to attach, and that the composition of these fibers is important for the morphogenesis and function of the spleen.
